Study design: An experimental, cross-sectional study. Objectives: To investigate effects of using a visuotemporal cue on the walking ability of independent ambulatory subjects with spinal cord injury (SCI) as compared with healthy subjects. Setting: A tertiary rehabilitation center, Thailand. Methods: Forty independent ambulatory subjects with SCI and healthy subjects participated in the study (20 subjects per group). All of them were assessed for their walking speed, stride length, cadence and percents of step symmetry under two conditions, including walking at their fastest speed with and without a visuotemporal cue along a 10 m walkway. Results: When walking with a visuotemporal cue, walking speed, stride length and cadence of the subjects were significantly increased from the uncued condition (Po0.01). However, the healthy subjects showed a significantly greater increase in walking speed and cadence, whereas, subjects with SCI demonstrated significantly higher improvement in stride length as compared with the other group (Po0.001). In addition, the effects of the visuotemporal cue were significantly greater in those with less severity of SCI (Po0.01).
INTRODUCTION
Most ambulatory patients with spinal cord injury (SCI) can walk nonfunctionally, which is commonly characterized by a slow walking speed, short and asymmetrical step length, and low walking cadence that attribute negative impacts to the ability of independent walking. [1] [2] [3] [4] [5] Among several variables relating to walking ability, the increase in walking speed is crucial because it is likely accompanied by an increase in lower-extremity force production, distance walk and quality of walking (that is, step rhythm, foot placement, step symmetry and weight shift). 4, 5 An increase in walking speed of at least 0.3 m s À1 was associated with ambulatory advancement in subjects with SCI. 3 Zorner et al. 6 also reported that individuals with SCI need a walking speed of at least 0.6 m s À1 to safely cross a street.
Previously, external cues, that is, visual, auditory and visuotemporal cues, have been successfully applied to facilitate movement initiation and continuation in patients with brain disorders, that is, stroke and Parkinson's disease. [7] [8] [9] These cues provide extrinsic feedback supplementary to the deprivation of internal regulation of movement control that subsequently improves variables related to walking ability of these individuals. 8, 9 However, patients with SCI have intact integrative capability of the brain but they are unable to fully perceive somatosensory information, which normally acts as an internal reference of movement correction and has a vital role in the ability of movement control. 4, 10 This impairment reduces ability of the patients to modify and generate optimal movements according to the demands of everyday activities. 4 Nonetheless, the human movement systems are very flexible that allows the utilization of supplementation from other relating systems. 11 The previous studies 4, 12 found that the application of an alternative source of inputs, namely, the visuotemporal cue, helped ambulatory subjects with SCI to improve their walking ability. However, the studies were executed in a single group of subjects, so the findings may not ensure the effects of external information in individuals with intact brain functions but with some degrees of sensorimotor deterioration. The data comparison with those who have normal brain functions and no sensorimotor impairment would further explain the benefit of visuotemporal cue in these individuals. Therefore, this study assessed the effects of using a visuotemporal cue on the walking ability of independent ambulatory subjects with SCI as compared with healthy subjects. To ensure the influence of the cue in individuals with different degrees of sensorimotor deterioration, the data in subjects with SCI were also analyzed according to the severity of SCI. The researchers hypothesized that the Supplementary Information provided by a visuotemporal cue would assist subjects in both groups to walk at a greater speed than when they walked at their own determination without using the cue. However, the sensorimotor impairments may limit the ability of subjects with SCI to modify their movements in response to the external information provided. Therefore, the effects of external cues in subjects with SCI, particularly those with severe SCI, would be less than those in healthy subjects.
MATERIALS AND METHODS Subjects
The researchers recruited patients with motor-incomplete SCI (the American Spinal Injury Association (ASIA) Impairment Scale: AIS C and D) who were able to walk independently with or without a walking device for at least 10 m, aged at least 18 years, from a major tertiary referral hospital, Thailand. The exclusion criteria were any signs or symptoms that might affect ambulatory ability such as severe spasticity of the lower-extremity muscles (the modified Ashworth scale 42), pain in the muscles or joints with an intensity of pain more than 5 out of 10 on a numeric rating pain scale, deformities of the spine and lower extremities (that is, scoliosis, kyphosis and equinovarus). Furthermore, the researchers invited healthy subjects who did not have any conditions that might affect walking ability, matched by gender and age (±5 years), compared with those with SCI. A sample size calculation for two group comparisons using data from a pilot study indicated that the study needed 10, 20, 14 and 351 subjects per group for the four parameters measured in the study including walking speed, stride length, cadence and percents of step symmetry, respectively. On the basis of the availability of the patients according to the criteria used in the study, the researchers recruited 20 subjects per group. All of them provided a written informed consent document approved by the Khon Kaen University Ethics Committee for Human Research before participation in the study.
Experimental protocol
Subjects were interviewed and assessed for their baseline demographics, SCI characteristics and baseline walking ability. After sufficient rest, subjects were assessed for their walking ability under the two conditions. Details of the test conditions are as follows.
Walking without the visuotemporal cue (uncued condition). This condition served as a baseline condition in which subjects needed to walk at their fastest and safe speed along a 10 m straight walkway without any cues.
Walking with the visuotemporal cue condition. The test required a visuotemporal cue machine, which consisted of a countdown timer, electronic light bars and laser sensors ( Figure 1a ) that was positioned at the end of the walkway (Figure 1b) , to provide temporal information for the subjects to perceive visually. The countdown timer was set at 25% less than the time required for the uncued condition. 4, 8, 12 On start, the light bars gradually decreased according to the remaining time, and the subjects were required to walk at their fastest speed along a 10 m straight walkway to the end of the walkway before the running-out of the last light bar (Figure 1b ). If the subjects were able to successfully walk through the laser beam on time, the circuit was interrupted and no alarm was on. In contrast, if the time ran out before the subjects could walk through the beam, the visuotemporal cue machine gave an alarm.
During the test, a bright-yellow-colored tape was placed on the floor in order to guide the subjects to walk along a straight walkway (Figure 1b ). Subjects performed five trials per condition in which the first two trials served as familiarization sessions (practice trials), and the other three trials were used for data recording. 4, 8, 12 Subjects with SCI were allowed to use a customary walking device. All of them had to fasten a lightweight safety belt and had an assessor walking alongside throughout the test to ensure safety (Figure 1b ).
Subjects did not receive any other encouragement during the tests and were able to take a period of rest between the trials as required.
Outcome measures
Subjects' walking speed, stride length, cadence and percents of step symmetry using a digital camera with a frame rate of 60 Hz and the method of manual digitization as proposed by Said et al. 13 were measured. The method had high validity compared with the PEAK motion analysis (ICC 3,1 ¼ 0.95-0.99) and high reliability (ICC 3,1 ¼ 0.94), and could be executed in a rehabilitation ward. Visuotemporal cue in healthy and SCI subjects N Pramodhyakul et al Before the test, the video recording system was positioned perpendicular to the walkway, in line with the middle of the walkway to capture a 3 m section of the walkway. Then the system was calibrated using a 60 cm object. A step length was measured by counting the horizontal pixels between the heel of one foot and the heel of the other foot, and scaling with respect to the calibration object. The total distance of the right and left step lengths represented a stride length. 13 The cadence was measured by counting the number of steps and time used over the middle 3 m of the walkway and converting to the number of steps within 60 s (steps per min). 4, 12 Then, walking speed was calculated using the formula:
stride length Â cadence 120 h i . 14 Furthermore, percents of step length symmetry were computed using the formula:
average step length of the more affected leg average step length of the less affected leg Â 100 h i . 4, 12 Statistical analyses
Descriptive statistics were applied to explain baseline demographics of the subjects and findings of the study. The differences of walking variables between the uncued and visuotemporal cue conditions within the groups were compared using the dependent-sample t-test. Then, the independent-samples t-test was utilized to compare the changes in walking variables between the groups. The level of statistical significance was set at Po0.05.
RESULTS
Forty subjects participated in the study (20 subjects per group and 18 males in each group). For subjects with SCI, most of them were at a chronic stage (n ¼ 16) and required a walking device (13 subjects used a standard walker and 1 subject walked with axillary crutches). Their baseline demographics were not significantly different between the groups (P40.05, Table 1 ). While using the visuotemporal cue, every subject could walk to the end of the walkway on time or nearly. Their walking speed, stride length and cadence were significantly increased from the baseline walking ability (Po0.01, Table 2 ). The improvement in walking speed and cadence of healthy subjects was significantly greater than that of SCI subjects, whereas, the increment in stride length of subjects with SCI was significantly greater than that in healthy subjects (Po0.001, Table 2 ).
In subjects with AIS C and D, their walking speed, stride length and cadence were also significantly increased from the baseline ability (uncued condition), particularly in those with AIS D (Po0.01, Table 3 ). Nevertheless, only the changes in walking speed and cadence of subjects with AIS D were significantly different from those with AIS C (Po0.01), but not for the stride length and percents of step symmetry (P40.05, Table 3 ).
DISCUSSION
Adequate walking speed is an important determinant for the ability to perform activities in daily living and community participation. 2 Apart from a comfortable speed, Van Hedel et al. 15 indicated that the ability to increase walking speed may clearly reflect the ability to respond to community challenges. Therefore, the study investigated the fastest walking speed of subjects while walking with and without the visuotemporal cue. The findings indicated that the visuotemporal cue could facilitate the subjects to significantly improve their walking ability from the baseline (uncued) condition ( Table 2 ). The amount of increment in healthy subjects was significantly greater than that in subjects with SCI but only for walking speed and cadence. On the contrary, subjects with SCI demonstrated significantly higher improvement in stride length than the healthy subjects (Po0.001, Table 2 ). When comparing the findings in subjects with SCI who had different degrees of severity, the benefit of the visuotemporal cue was significantly greater in those with less severity of the lesions (AIS D) ( Table 3) .
Beek and van Wieringen 10 reported that movements or actions are strongly related to perceptual information, in which all actions are forcefully influenced by surrounding information as picked up by the perceptual system. Information is specific where the nature of the information helps individuals to determine the level of force generation for the action. 16 The visuotemporal cue provided temporal information that facilitated subjects to modify their movements in order to successfully accomplish the task. Therefore, healthy subjects showed significant improvement of variables relating to walking ability ( Table 2 ). For individuals with SCI, the utilization of external information provides extrinsic feedback supplementary to the reduction of intrinsic feedback that facilitates the intrinsic dynamics of the movement system through synchronizing or entraining the phase coupling among body segments. 4, 10, 12 However, the sensorimotor deterioration following SCI limited their ability to modify the movements in response to the information given. Therefore, these subjects showed significantly less improvement than the healthy subjects ( Table 2) .
The increment in walking speed is normally achieved by increased cadence and/or stride length. 14 In healthy subjects, it is commonly known that stride length increases linearly as walking speed increases, and cadence would be increased at a higher speed in order to help individuals to cover a certain distance in a certain amount of time. 17 In other words, when the limitation of stride length is reached, increment in cadence is the only possible strategy to increase walking speed. 18 As a result, healthy subjects lengthened their stride length to increase speed while walking without the external cue (uncued condition). Then, the increment in walking cadence was the only possible strategy by which they could further enhance their walking speed in response to the external information provided. In contrast, the sensorimotor deterioration due to SCI reduced the ability of balance control and selfconfidence while walking, thus the subjects likely walked with a short step length. 1 The external information provided may draw their attention and increase motivation and, therefore, the subjects showed an obvious increase in stride length while walking with the visuotemporal cue ( Table 2) .
The results also demonstrated that the visuotemporal cue could help subjects with AIS D to increase variables relating to walking to a greater extent than those with AIS C (Table 3) . Having AIS C implied that subjects were faced with severe sensorimotor impairments that highly limited their ability to modify or generate movement according to the demands of the task. Consequently, subjects with AIS C showed significantly less improvement than those with AIS D when using the visuotemporal cue (Table 3 ). The significant differences with high Note: the data are presented using mean±s.d. a P-value from the independent-samples t-test with the level of significant difference at Po0.05.
power of test (X0.90) in walking speed and cadence also support the trend, as indicated above, that subjects with less sensorimotor deterioration (AIS D) could increase cadence to enhance walking speed significantly better than those with higher degrees of lesion severity (AIS C). However, the data of stride length and percents of step symmetry had low statistical power (0.10-0.11), they may need a greater number of subjects to provide concrete conclusion. The findings of this study confirm the benefit of the visuotemporal cue to improve variables associated with walking capacity in subjects with intact brain functions in which the magnitude of effects depends on the degree of internal deterioration of individuals. Nevertheless, some limitations must be kept in mind when interpreting the findings. First, the data were analyzed using the method of manual digitization because it has been reported as a valid and reliable method 13 that could be executed in a rehabilitation ward. However, a more sophisticated method may be needed to confirm the findings. Second, the time set for the visuotemporal cue relied on the findings of the uncued condition of each subject. Therefore, every subject started the tests with the uncued condition, and the sequence of the tests may affect the findings of the visuotemporal cue condition (due to fatigue or learning effects). Third, the sample size calculation was based on the primary objective and availability of the subjects. Thus the findings of percents of step symmetry (required at least 351 subjects) and some variables in secondary objective showed no significant differences with low statistical power. As the symmetrical step length is an important determinant for the functionality of walking, the reduction of fall risk, and the efficient energy expenditure while walking, 19, 20 a further intervention study using a greater number of subjects with the assessments on its benefit for the retention test and community ambulation, as well as any disadvantages of using the cue, that is, induced fatigue, spasticity or muscle soreness, may thoroughly confirm the utility of the visuotemporal cue in sport and exercise sciences, and rehabilitation treatments. Abbreviations: AIS, American Spinal Injury Association (ASIA) Impairment Scale; AIS C, Incomplete. Motor function is preserved below the neurological level, and more than half of key muscles below the neurological level have a muscle grade less than 3; AIS D, Incomplete. Motor function is preserved below the neurological level, and at least half of key muscles below the neurological level have a muscle grade greater than or equal to 3. Note: the data are presented using mean ± s.d. a The mean difference between uncued and visuotemporal cue conditions. b P-value from the dependent-sample t-test with the level of significant difference at Po0.05. c P-value from the independent-samples t-test with the level of significant difference at Po0.05. d Indicates significant difference. e Calculated using the formula:
average step length of the more affected leg average step length of the less affected leg Â100 h i .
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